Background: AMPA-type glutamate receptor-mediated synaptic transmission is enhanced in descending pain modulatory circuits under pain conditions. Results: Epigenetic regulation of BDNF by persistent inflammation triggers AMPA receptor GluA1 phosphorylation. Conclusion: Synaptic delivery of GluA1 in the brain stem is initiated by BDNF/TrKB activation under pain conditions. Significance: We investigate how GluA1 is delivered to synapses to understand the molecular mechanisms underlying pain in descending pain modulatory circuits.
It is well established that the central glutamatergic system plays a crucial role in developing and maintaining persistent pain, including neuropathic pain and inflammatory pain (1) . Targeting the glutamatergic system facilitates the treatment of chronic pain (1) (2) (3) (4) . In the brain, the majority of fast excitatory synaptic transmissions are mediated by AMPA-type glutamate receptors (5, 6) . These are tetrameric assemblies composed of four possible subunits, primarily GluA1 and GluA2 subunits, but there are also some GluA3 and GlA4 subunits (7) . Postsynaptic AMPA receptor subunit trafficking, especially GluA1 and GluA2, in the development of synaptic plasticity under pathophysiological conditions may be associated with chronic pain (4, 8 -10) . For example, in the anterior cingulate cortex and spinal cord, GluA1 was recruited to the plasma membrane under pain conditions to enhance glutamatergic transmission, leading to a behavioral state of sensitized pain (11) (12) (13) . However, the molecular mechanism underlying dynamic distribution of GluA1 after inflammation in the descending pain modulatory circuitry remains unclear.
BDNF, a member of the neurotrophin family, has diverse trophic effects on structural modifications and the functional plasticity of central synapses in the mammalian brain (14, 15) . It has a well documented pronociceptive role in inflammatory and neuropathic pain responses, acting at brain stem-descending pain pathways, including the periaqueductal gray (PAG), 2 rostral ventromedial medulla (RVM), and spinal cord (16, 17) . * This work was supported by 973 Program Grant 2014CB548100 and by High levels of BDNF mRNA and protein have been observed within the PAG and RVM (18, 19) . A study by Guo et al. (20) showed that BDNF in the RVM may have originated from BDNF-containing neurons in the PAG and that BDNF activation of TrkB signaling in the RVM induces descending pain facilitation, suggesting that the signaling cascade of BDNF-TrkB receptors in the RVM circuitry plays a critical role in the development of persistent pain after inflammation. Previous studies have shown that persistent inflammation up-regulates BDNF, which decreases the KCC2 function of maintaining the chloride gradient for inhibitory GABA synapses, resulting in impaired GABA inhibition and neuronal hyperexcitability in the nucleus raphe magnus (NRM), which is the major structure of the RVM, contributing to pain sensitization (21) . As a pain modulator, BDNF can modulate excitatory glutamatergic and inhibitory GABAergic/glycinergic signals (17, 22) . The glutamatergic systems in the PAG and RVM have been shown to be significant analgesic targets. For example, activation of the type 3 metabotropic "glutamate" receptor (mGluR3) in the PAG or RVM has shown analgesic effects in animal models of inflammatory pain (23) . However, little is known about how BDNF modulates glutamatergic systems in the supraspinal circuitry underlying persistent inflammatory pain.
Studies have shown that local infusion of BDNF in the tectum can potentiate neurotransmitter secretion at retinotectal synapses and increase the density of postsynaptic AMPA receptors, producing long term excitatory synaptic plasticity (24, 25) . A similar effect has been observed in the descending circuitry under pain conditions. Mechanistic investigation in hippocampal and cortical neurons has shown that BDNF up-regulates the total cellular levels of AMPA subunits GluA1-GluA4 (26 -28) and promotes GluA1 trafficking to the membrane (26, 29) . The binding of BDNF to TrkB receptors activates a series of intracellular signaling pathways that initiate the membrane incorporation of GluA1, including phospholipase C ␥ (PLC ␥ ), PI3K/ Akt, Scr, CaM-kinase kinase/transient receptor potential canonical, and mammalian target of rapamycin complex 1 (mTOR1) (26, 29 -31) . The manner in which BDNF regulates AMPA receptor-mediated synaptic transmission at supraspinal levels after inflammation, therefore contributing to persistent pain, is less well understood.
In this study, we demonstrated that activity of the epigenetically up-regulated bdnf gene contributes to the distribution of synaptic GluA1 after inflammation, resulting in enhanced AMPA receptor-mediated synaptic transmission in the rat brain stem NRM. The synaptic delivery of GluA1 is trigged by phosphorylation at Ser-831 sites via PLC-PKC pathways initiated by BDNF/TrkB signaling, which is consistent with previous findings in cultured hippocampal neurons (26) .
MATERIALS AND METHODS
Animals and the Pain Model-Male Wistar rats, 9 -14 days old, and adult rats weighing 200 -300 g were used (Charles River Laboratories, Wilmington, MA). A rat model of persistent inflammatory pain was induced by a single injection of complete Freund adjuvant (CFA, 20 l) into a hind paw. Neonatal rats were injected twice with CFA. Then, 20 l of CFA was injected on the first day, and a second CFA (20-l) injection was made on the third day to ensure the persistence of inflammatory pain (32, 33) . All procedures involving the use of animals conformed to the guidelines of the Institutional Animal Use and Care Committee of the University of Science and Technology of China.
Brian Slice Preparations-Whole-cell voltage clamp recordings of NRM neurons were visualized in slice preparations with general methods as described previously (33, 34) . Neonatal rats were used in visualized whole-cell recording experiments because of the limited visibility and quality of cells in NRM slices from older rats. Similarities and differences between the responses of neonatal and adult NRM neurons to pain have been described previously (32) . Those differential responses could confound the interpretation of the data. Despite these recognized limitations, cellular recordings from neonatal rats are nonetheless a useful and efficient model to help understand the cellular mechanisms of pain behavior in adult rats (33) (34) (35) (36) (37) . The rat brain was cut in a vibratome in cold (4°C) physiological saline to produce brain stem slices (200 m thick) containing the NRM for whole-cell recording as described previously (36) . A single slice was submerged in a shallow recording chamber and perfused with preheated (35°C) physiological saline containing the following: 126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 1.2 mM MgCl 2 , 2.4 mM CaCl 2 , 11 mM glucose, and 25 mM NaHCO 3 saturated with 95% O 2 and 5% CO 2 (pH 7.2-7.4).
Whole-cell Recording and Synaptic Currents-Visualized whole-cell voltage clamp recordings were obtained from identified NRM neurons with a glass pipette (resistance, 3-5 M⍀) filled with a solution containing the following: 126 mM KCl, 10 mM NaCl, 1 mM MgCl 2 , 11 mM EGTA, 10 mM HEPES, 2 mM ATP, and 0.25 mM GTP, pH adjusted to 7.3 with KOH; osmolarity, 280 -290 mosmol. An AxoPatch-700B amplifier and AxoGraph software (Molecular Devices) were used for data acquisition and online and offline data analyses. A seal resistance of 2 G⍀ or above and an access resistance of 15 M⍀ or below were considered acceptable. Series resistance was optimally compensated, and access resistance was monitored throughout the experiment. Electrical stimuli of constant current (0.25 ms, 0.2-0.4 mA) were used to evoke glutamate excitatory postsynaptic currents (EPSCs) with bipolar stimulating electrodes placed within the nucleus. AMPA EPSCs were recorded in the presence of the N-methyl-D-aspartate-type glutamate receptor antagonist D-(-)-2-amino-5-phosphonopentanoic acid (50 M) and the GABA A receptor antagonist bicuculline (10 M). Inhibition by a drug was defined as a reduction to under 90% of control values in the amplitude of synaptic currents. Miniature EPSCs were obtained in the presence of tetrodotoxin (1 M), and a sliding EPSC template custom, defined using acquisition software, was used to detect and analyze the frequency and amplitude of miniature EPSCs.
Synaptosome Preparations and Western Blot Analysis-The synaptosome preparations and Western blot analysis were performed as described in previous reports (21, 38) . For synaptosome preparations, NRM tissues from saline-and CFA-injected rats were homogenized gently in ice-cold 0.32 M sucrose buffer at pH 7.4 and then centrifuged for 10 min at 1000 ϫ g (4°C). The supernatant was collected and centrifuged for 20 min at 10,000 ϫ g (4°C). Then, the synaptosomal pellet was resus-pended in lysis buffer (0.1% Triton X-100, 150 mM NaCl, 25 mM KCl, and 10 mM Tris-HCl (pH 7.4) with protease inhibitors) at 4°C for 10 min. The protein concentrations were determined using a Bio-Rad protein assay kit.
For Western blot analysis, total proteins were prepared after tissue lysis and centrifugation for SDS-polyacrylamide gel electrophoresis. The protein was mixed with SDS sample buffer, heated to 95°C for 10 min, separated under reducing conditions on an 8% or 5% SDS-polyacrylamide gel, and transferred to a nitrocellulose membrane. The membrane was incubated with a polyclonal rabbit antibody for GluA1 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA), BDNF (1:250, Santa Cruz Biotechnology), ␤-actin (1:1000, Cell Signaling Technology, Danvers, MA), ␤-tubulin (1:1000, Cell Signaling Technology), and synapsin 1 (1:5000, Synaptic System, Germany) with agitation overnight at 4°C and then with horseradish peroxidase-linked secondary antibody (Santa Cruz Biotechnology) for 1 h at room temperature. The bands were detected using enhanced chemiluminescence (GE Healthcare Biosciences). BDNF protein assays were performed with the ChemiKine BDNF sandwich enzyme-linked immunosorbent assay kit (Millipore).
ChIP Assays-ChIP assays were modified from the protocol of the EpiQuik tissue acetyl-histone H3 ChIP kit (Epigentek Group Inc.) as described in previous reports (33, 38) . NRM tissues were harvested and immediately cross-linked in 1% formaldehyde for 15-20 min. After washes, the NRM tissue was homogenized through 10 -30 strokes in a cell lysis buffer. The homogenate was centrifuged, and the supernatant was removed. The extracted chromatin was sheared by sonication into 200-to 500-bp fragments and diluted 10-fold in ChIP dilution buffer. Then, 10% of the preimmunoprecipitated lysate was used as the input control for normalization. Samples were incubated with an antibody to acetyl histone H3 (Cell Signaling Technology). DNA and histones were dissociated with reverse buffer. Binding buffer was used for DNA precipitation and purification, and elution buffer was used to elute purified DNA from the columns. All buffers were provided in the ChIP kits.
DNA Quantification-Quantitative real-time PCR was performed with a SYBR Green master kit (Applied Biosystems) to measure the amount of cetyl histone H3-associated DNA. Adenine phosphoribosyltransferase (housekeeping mRNA) served as a negative control. Signal difference was calculated as follows: ⌬Ct ϭ (N exp Ϫ N ave ) ϫ Ct ave , where N exp is the normalized Ct value of the target or Ct target /Ct input , N ave is the mean N value for control, and Ct ave is the mean Ct value for control.
Quantitative Real-time PCR-RNA was extracted with a RNAqueous-4 PCR kit and reverse-transcribed with a RETROscript kit (Applied Biosystems). cDNA was quantified using real-time PCR, and specific cDNA regions of the transcripts were amplified with custom-designed primers (Invitrogen). Fold differences of mRNA levels over controls were calculated with ⌬Ct. The following primers were used: Bdnf, 5Ј-GAGGG-CTCCTGCTTCTCAA-3Ј (forward) and 5Ј-GCCTTCATGC-AACCGAAGT-3Ј (reverse); Gapdh, 5Ј-AGGTCGGTGTGAA-CGGATTTG-3Ј (forward) and 5Ј-TGTAGACCATGTAGTT-GAGGTCA-3Ј (reverse).
Microinjection and Behavioral Experiments-Adult rats were used for NRM microinjection and behavioral tests as described in previous reports (33, 34) . Each rat was implanted with a 26-gauge, double-guide cannula (Plastics One, Roanoke, VA) aimed at the NRM (anteroposterior, Ϫ10.0 mm from the bregma; lateral, 0; and dorsoventral, 10.5 mm from the dura). Drugs were microinjected into the NRM in a total volume of 1 l through a 33-gauge double injector with an infusion pump at a rate of 0.2 l/min. All NRM microinjection sites were verified histologically after the experiment by injection of 0.5 l of a blue dye, and controls of off-site injections were performed as described elsewhere (36) . The confined effect of an injected drug within the NRM with this microinjection method has been demonstrated in previous studies (21, 33, 34) . The pain threshold was measured every 5 min by paw withdrawal test on a freely moving rat using a Hargreaves analgesia instrument (Stoelting, Wood Dale, IL).
Data Analysis and Materials-Analysis of variance (one-way and two-way) and post hoc analysis were used to statistically analyze experimental data between treatment groups with multiple comparisons. Simple comparisons of data between two groups were made with Student's t tests. Behavioral data with multiple measurements were statistically analyzed by two-way analysis of variance for repeated measures with the Bonferroni method for post hoc tests. Data are presented as mean Ϯ S.E., and p Ͻ 0.05 was considered to be statistically significant. All statistical analyses were performed with Prism software version 5.04 (GraphPad Software). Drugs were purchased from Sigma-Aldrich or Tocris Bioscience (Ellisville, MO).
RESULTS
Inflammatory Pain Enhances AMPA Receptor-mediated Synaptic Transmission-First, AMPA receptor-mediated EPSCs were examined in NRM neurons from adult rats with persistent inflammatory pain. CFA induced persistent pain sensitization (hyperalgesia), which reached a maximum and plateau 3 days after injection and lasted more than 6 days ( Fig. 1A) . Whole-cell voltage clamp recordings of input-output curves for AMPA EPSCs were taken in vitro from neonatal rat NRM neurons in brain stem slices at a holding potential of Ϫ60 mV, as shown in Fig. 1B . The average amplitude of currents was higher 3 days after CFA injection than in saline injection, suggesting an increase in AMPA receptor-mediated synaptic transmission in the NRM after persistent peripheral inflammation.
The inwardly rectifying property of AMPA EPSCs evoked at Ϫ60 mV and ϩ40 mV holding potentials was examined to determine whether any alteration of AMPA receptor subunit composition causes the enhanced synaptic transmission observable after inflammation (39) . The rectification indices were calculated using the ratio between the currents at Ϫ60 mV versus that between the currents at ϩ40 mV. Results showed that the rectification index was significantly higher in NRM neurons from CFA-injected rats (2.25 Ϯ 0.21, n ϭ 26 neurons) than in those from saline-injected control rats (Fig. 1C, 1 .52 Ϯ 0.28, n ϭ 18, p Ͻ 0.05). The rectification indices may reflect an alteration in the number of GluA1-containing AMPA receptors on the membrane. In this way, this result indicates that the enhanced AMPA receptor-mediated synaptic transmission observable after peripheral inflammation may be caused by changes in synaptic delivery of AMPA receptor subunits (40) .
Persistent Inflammation Induces Synaptic Delivery of GluA1-
The formation of homomeric AMPA receptors containing GluA1 subunits on the membrane surface is believed to cause an inward rectification of AMPA EPSCs (39) . Experiments were conducted to determine the levels of synaptic GluA1 proteins with NRM preparations of synaptosomes, which contain mostly proteins and structures of synaptic membranes with nearly empty cell bodies and greatly reduced intraterminal contents (41) . As shown in Fig. 2A , the amount of synaptosomal GluA1 protein was increased to 70% of control in the NRM from CFA-injected rats when compared with that from salineinjected control rats (n ϭ 6 rats/group, p Ͻ 0.05). These results suggest that synaptic delivery of GluA1 may contribute to the pain-induced enhancement of AMPA synaptic transmission in the NRM. To test this hypothesis, the phosphorylation level of GluA1 was examined at Ser-831 and Ser-845. These residues were selected because the phosphorylation of both sites has been implicated in synaptic delivery of GluA1 (42, 43) . Three days after CFA injection, the total quantity GluA1 protein was similar to that in saline-injected controls, but there was markedly more Ser-831 phosphorylation of GluA1 in the NRM group (Fig. 2B, 145 .6 Ϯ 10.8% of control, n ϭ 6, p Ͻ 0.05). However, no difference in Ser-845 phosphorylation of GluA1 was observed (Fig. 2C, 112 .5 Ϯ 10.6% of control, n ϭ 6, p Ͼ 0.05).
To further demonstrate the changes in surface GluA1-containing AMPA receptors after peripheral inflammation, pharmacologic manipulations were performed by inhibiting GluA2lacking AMPA receptors. Blocking GluA2-lacking AMPA receptors with a bath application of 1-naphthyl acetyl spermine (100 M) significantly decreased the EPSC amplitude in NRM neurons from CFA-injected rats but not in those from salineinjected rats (Fig. 2D) .
BDNF Contributes to Inflammation-induced Enhancement of AMPA EPSCs-One possible factor that causes the enhancement of AMPA receptor-mediated synaptic transmission under pain conditions is BDNF. Exogenous BDNF has been shown to strongly affect AMPA receptor-mediated synaptic transmission (26, 44) . The results of our Western blot analysis and ELISA showed there to be statistically significant higher levels of BDNF proteins in the NRM 3 days after CFA injection than in saline-injected control rats (Fig. 3A, 176 .9 Ϯ 16.4% of control, n ϭ 6, p Ͻ 0.05; ELISA: control, 18.96 Ϯ 5.13 pg/mg; CFA, 35.84 Ϯ 7.16 pg/mg, n ϭ 6, p Ͻ 0.05). A similar difference was observed in the BDNF mRNA level (Fig. 3B, 1 .92-Ϯ 0.56fold that of control, n ϭ 5, p Ͻ 0.05). Using ChIP assays, the level of histone H3 acetylation at the Bdnf P3 and P4 promoters, two of four Bdnf promoters (P1-P4) were also increased 3 days after CFA injection (Fig. 3C ). In this way, persistent peripheral inflammation epigenetically enhances Bdnf transcriptional activity.
Given the critical role of supraspinal BDNF in the descending facilitation of inflammatory pain, the effect of BDNF on AMPA EPSCs was determined in these NRM neurons (20) . Both the frequency and amplitude of AMPA miniature EPSCs (mEPSCs) increased after incubation of brain slices from vehicle-injected rats in either 50 ng/ml BDNF or vehicle control for at least 1 h ( Fig. 3D ; frequency, 178.9 Ϯ 21.2% of control, p Ͻ 0.01; amplitude, 146.7 Ϯ 5.8% of control, p Ͻ 0.05; n ϭ 18 -25 neurons/ group). Similar increases were observed in both the averaged amplitude of currents of input-output curves for AMPA EPSCs (Fig. 3E ) and the rectification index ( Fig. 3F; vehicle Next, the effect of BDNF was tested on AMPA EPSCs under pain conditions. Unlike the BDNF effect on vehicle-injected rats, the average amplitude of currents of input-output curves and the rectification index of AMPA EPSCs were not affected by BDNF (50 ng/ml) in NRM neurons from CFA-injected rats (Fig. 4A) . However, the TrkB-IgG fusion protein (TrkB-IgG, 1 g/ml), which acts as a false TrkB receptor to sequester endogenous BDNF, inhibited AMPA EPSCs (Fig. 4A ) and the rectification index (Fig. 4B ; vehicle, 2.41 Ϯ 0.25, n ϭ 18; BDNF, 2.68 Ϯ 0.31, n ϭ 18; TrkB-IgG, 1.76 Ϯ 0.28, n ϭ 18, p Ͻ 0.05 relative to the vehicle group). These results suggest that inflammatory pain-induced up-regulation of BDNF contributes to the enhancement of GluA1-containg AMPA receptor-mediated synaptic transmission in the NRM by activation of TrkB receptors.
Signaling Pathways of Inflammation-induced Synaptic Delivery of AMPA Receptors-A series of intracellular signaling pathways, including PLC ␥ , PI3K/Akt, Scr, CaM-kinase kinase/transient receptor potential canonical, and mTOR1 have been shown to initiate the membrane incorporation of GluA1 (26, 29 -31) . Next, signaling pathways that were predominantly involved in GluA1 phosphorylation were identified using TrkB receptor activation under pain conditions by treating slices with a specific inhibitor for a long period (2-4 h). In slices from CFA-injected rats treated with the PLC inhibitor U73122 (2 M), the maximum number of AMPA EPSCs was lower (vehicle, 642.9 Ϯ 43.1, n ϭ 8; U73122, 468.2 Ϯ 32.4, n ϭ 12, p Ͻ 0.05) (Fig. 5, A and B) . (Fig. 5, C and D) . This suggests that PLC ␥ -PKC pathways may be involved in the enhancement of AMPA receptor-mediated synaptic transmission after inflammation. To test this hypothesis, changes in GluA1 phosphorylation after NRM infusion of the inhibitor from CFA-injected rats were assessed. As shown in Fig. 6 , the level of GluA1 phosphorylation at Ser-831 was significantly lower than in the vehicle group 6 h after microinjection of TrkB-IgG (100 ng, 70.9 Ϯ 12.7%, n ϭ 6, p Ͻ 0.05), GF109203 (0.5 ng, 63.7 Ϯ 13.9%, n ϭ 6, p Ͻ 0.05) or GF109203 (100 ng, 47.6 Ϯ 15.8%, n ϭ 6, p Ͻ 0.05) but the total level of GluA1 was not.
DISCUSSION
The NRM is a supraspinal site on the brain stem-descending pathways and is crucial to pain modulation. It plays an important role in the development and maintenance of the behavioral state of sensitized pain and opioid analgesia under chronic pain conditions (45, 46) . It functions by receiving integrated inputs from higher brain sites through connections with the PAG and by projecting directly to pain-transmitting neurons in the dor-sal horn of the spinal cord (47) . In this way, neurons in RVM, including the NRM, can either inhibit or facilitate spinal pain transmission in different behavioral states. Regarding excitatory glutamatergic systems, AMPA receptor-mediated synaptic transmission is enhanced in response to inflammatory hyperalgesia in the RVM, contributing to enhanced descending pain modulation (48 -50) . Hypofunction of AMPA synaptic transmission has also been observed in the PAG (51, 52) . Our results support this hypothesis and demonstrate that inflammatory pain-induced up-regulation of BDNF contributes to the enhancement of excitatory synaptic transmission in the NRM.
Synaptic delivery of GluA1 into the postsynaptic membrane facilitates AMPA synaptic transmission by increasing singlechannel conductance. It also plays a role in synaptic plasticity (53, 54) . In this study, a significant increase in AMPA inward current rectification and GluA1 protein levels was observed in the synaptosome preparations 3 days after inflammation (Figs. 1C and Fig. 2A ). This indicated that recruitment of GluA1containing calcium-permeable AMPA receptors on the surface of the postsynaptic membrane may cause enhancement of AMPA synaptic strength in the NRM under pain conditions (39, 40) . Pharmacological results showed that the GluA2-lacking AMPA receptor inhibitor 1-naphthyl acetyl spermine produced more inhibition of AMPA EPSCs in CFA-injected rats than that in saline-injected rats (Fig. 2B) . This supports the conclusion that inflammatory pain can induce synaptic delivery of GluA1.
The delivery of GluA1 subunits to synapse is promoted by phosphorylation in the C-terminal region (42, 43) . The present study shows that inflammation can increase the phosphorylation of GluA1 Ser-831, but not GluA1 Ser-845, which facilitates the trafficking of GluA1 in NRM pain modulatory circuits under pain conditions. This is consistent with the results of previous works showing that both 30 min and 7 days of inflammation increase GluA1 phosphorylation at Ser-831 (55). The mechanism underlying the critical role of GluA1 phosphorylation associated with the functional AMPA receptors in NRM neurons has not yet been addressed under inflammatory pain conditions. BDNF can up-regulate the total levels of GluA1-GluA4 and promote the trafficking of GluA1 into the synapse (26, 28, 31, 56) . In the spinal cord, BDNF released from microglia acts as a signaling link between microglia and dorsal horn neurons for neuronal hyperexcitability under neuropathic pain conditions (57, 58) . In the brain stem-descending pain-modulating pathway, the BDNF in the RVM is likely originated from BDNFcontaining neurons in the PAG. BDNF activation of TrkB signaling in the RVM underlies the development of persistent pain (20) . From a molecular standpoint, persistent inflammation was found to epigenetically up-regulate BDNF protein expression ( Fig. 3) . A previous study showed that the characteristics of chronic pain are strongly suggestive of epigenetic modulations in the NRM (33) . This indicates a positive correlation with the enhanced AMPA synaptic transmission. Under normal conditions, exogenous BDNF can cause increases in the number of AMPA EPSCs and rectification in NRM neurons. There was no detectable effect under persistent inflammation conditions. Interestingly, under pain conditions, chelation of endogenous extracellular BDNF decreased AMPA EPSCs and rectification in vitro and GluA1 phosphorylation in vivo ( Figs. 4 -6) , suggesting a positive correlation between BDNF and GluA1 delivery after inflammation. Previous studies confirmed that synaptic delivery of GluA1 induced by BDNF could be blocked by inactivation of BDNF/TrkB signaling in cultured hippocampal neurons (26) . These results also suggest that persistent inflammation up-regulates the activity of endogenous BDNF to some extent, thereby preventing exogenous addition of BDNF under pain conditions. Many intracellular signaling cascades related to GluA1 phosphorylation are initiated after activation of BDNF/TrkB signaling. These include PLC ␥ , PI3K/Akt, Scr, CaM-kinase kinase/ transient receptor potential canonical, calmodulin-dependent protein kinase II (CaMKII), and mTOR (26, 29 -31, 59) . In the RVM, under pain conditions, inositol 1,4,5-trisphosphate and PKC are involved in BDNF activation of TrkB (20) . This event is probably initiated by inositol 1,4,5-trisphosphate (IP3) and DAG formation through PLC ␥ activation, the release of intracellular calcium, and PKC activation (16) . In this study, electrophysiological studies show that inflammation-induced increases in AMPA currents and rectification were both inhibited by blockage of PLC, PKC, and DAG (Fig. 5 ). Microinjection of these inhibitors into the NRM in vivo decreased GluA1 phosphorylation at Ser-831 under pain conditions (Fig. 6) . These results suggest that synaptic delivery of GluA1 induced by BDNF is mediated by PLC-PKC signaling in descending pain modulatory circuitry after inflammation. In summary, these results demonstrate that persistent inflammation can epigenetically up-regulate BDNF expression, therefore initiating the delivery of GluA1 subunits to the synapse in the NRM via PLC-PKC signaling after TrkB activation.
